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Statement of the Research Problem 
The reduction in crystallization temperature of Au/BaTiO3 (BT) composite film 
prepared by sol-gel processing has been observed by Masaki et al (1998). The 
fundamentals of film crystallization mechanisms however, remained unclear.  In the 
present study, the Au-BT film crystallization mechanism was studied using synchrotron 
radiation, an approach, which provides important new information not available through 
Cu X-ray sources.  In addition, real-time X-ray scattering experiments were carried out to 
monitor the minute changes of phase transformation during the film crystallization. 
  
The formation of textured Au nanoparticles in the amorphous BT matrix was 
observed in as-deposited sol-gel spin coated Au-BT hybrid films. The extended X-ray 
absorption fine structure (EXAFS) experiments were performed to examine the short-
range order of Au nanoparticles. The effects of chelating agent on Au formation were 
also investigated. The surface plasmon resonance (SPR) of Au nanoparticles was studied 
using UV-Vis spectroscopy. In addition, the anomalous X-ray scattering (AXS) 
experiments were performed to study the chemistry of Au in the vicinity of textured Au 
(111) Bragg peak. The microstructure of Au particles in BT matrix was also investigated 
using high-resolution transmission electron microscope (HRTEM).  
 
It was found that the sol-gel processing conditions had significant effects on the 
structure and optical properties of deposited films.     




Real-time X-ray scattering experiments revealed that adding of Au in BaTiO3 
(BT) matrix lowered the Au/BaTiO3 composite films crystallization temperature, as 
reported by Masaki et al (1998). However, the decrease of Au-BT crystallization 
temperature was not dependent on added Au concentration. The crystallization 
mechanisms of BT film proposed by Masaki et al, such as stress induced or local heating 
effects could not be ascertained. The formation of AuTi3 intermediate phase was detected 
prior to BT films crystallization temperature using synchrotron scattering techniques. 
This intermediate phase was believed to act as a nucleation site in promoting the BT film 
crystallization.       
 
The use of the chelating agent, acetylacetone, contributed to the formation of Au 
nanoparticles in as-deposited Au-BT films. The extended X-ray absorption fine structure 
(EXAFS) results confirmed that as-deposited Au-BT films consist of pure Au rather than 
AuCl. The disappearance of Au optical absorption (SPR) in deposited films using 2-
methoxyethanol as a chelating agent supported the observed effects of acetylacetone.  
 
The results of specular X-ray powder diffraction showed that Au existed in two 
forms: (a) textured in specular direction, or (b) aligned in such a way that no specular 
peaks were detected. In case (b), the lack of detected peaks could also be caused by small 
x-ray coherence length. Hereafter cases (a) and (b) are denoted “textured” and “random” 





The agglomeration of preformed Au particles in Au-BT solution precursors prior 
to film deposition could result in the disappearance of SPR. In random films, the 
detection of Au SPR indicated that Au particles were crystalline. The failure to detect any 
specular Au (111) diffraction peak may be due to the fact that most Au particles were 
either too small or single crystals with off-specular orientation.  
 
The anomalous X-ray scattering (AXS) showed that there was no mixing of Au-Ti 
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1.1 Noble metal dielectric composite thin film 
      Dielectrics containing small metal particles such as Ag and Au have been known 
for their colors for almost a century. However, it was not until the 1980s when these 
composite materials began to attract attention as potential nonlinear optical materials. A 
third-order nonlinear susceptibility, χ (3), several orders of magnitude larger than that of 
the original matrix was found in these materials.1, 2, 3 The value of χ (3) becomes high 
when the local electric field around the metal particles is enhanced by the optical 
excitation of a surface plasmon in the metal particle. The local field enhancement 
strongly depends on the dielectric constant, and the refractive index of the matrix of these 
films, which contain dispersed metal particles. Therefore, the choice of matrix materials 
is a very important factor as it will affect the nonlinear optical properties of dielectric 
films containing dispersed metal particles (such as Au).4 The noble-metal particles can 
create an electric field around the particles and enhance the electrical and electro-optical 
properties of these dielectric materials.5     
 
1.1.1 Au-dielectric composite thin film 
      Among the noble metals, Au is the most widely studied because of its special 
blend of characteristics, namely high polarizability, high electronegativity, and a 
relatively low tendency to react with other pertinent elements.5 In addition, Au-dielectric 





femtosecond, and a suitable operating wavelength corresponding to the second harmonic 
generation of Nd:YAG laser.3    
 
1.1.2 Preparation of Au-dielectric composite thin film 
There are several methods to prepare Au-dispersed dielectric composite thin film, 
such as RF sputtering1-3, sol-gel processing4, ion implantation6-7, ion-beam-assisted 
deposition8-9 and conventional melting.10 The criteria for the selection of a particular film 
preparation method will depend on many factors, such as dopant metal, dopant 
concentration, and the dielectric host matrix. In addition, one has to also consider the cost 
of preparation methods, and the difficulty of processing. In the present study, the 
processing of nanocomposite films of Au nanoparticles dispersed in barium titanate 
matrix is studied. The various preparation techniques of Au-dielectric composite thin 
films will be described in the following section.   
 
1.1.2.1 Sol-gel processing 
The Sol-gel process has emerged as a very promising technique for the synthesis 
of noble metal-dielectric composite thin film containing enhanced nonlinear optical 
properties. The advantages of sol-gel processing include the molecular-scale 
homogeneity of the starting solutions, the low processing temperature, and the possibility 
of incorporating many different metal dopants into different matrixes.11 In a conventional 
sol-gel process, the noble metal dopants are introduced in the precursor form. The 
formation of pure metal embedded in the dielectric matrix is mostly obtained by thermal 





(prior to annealing) has also been used.12 The solution containing the dielectric precursor 
and metal precursor are conventionally deposited as a film on a substrate by either spin-
coating or dipping, and the constituent precursors are crystallized by subsequent 
annealing of as-deposited amorphous precursor film. The various approaches of metal-
dielectric sol-gel processing can be summarized as follows:   
• Dopants remain in the precursor form and are embedded in the amorphous 
dielectric matrix. The metal reduction is by either thermal decomposition or a 
photo-reduction process.4, 5, 12-16 
• Reducion of dopants with conventional reduction methods (either by chemical or 
photo-reduction) and then mix with dielectric precursor solution. The mixture is 
then subjected to either spinning or dipping deposition. The as-deposited 
amorphous matrix films contain colloidal metal particles.17-18 
• Reduction of dopants by dielectric precursor solution during the pre-deposition, 
deposition or post-deposition stage.       
 
Among these possibilities, the last option is the most challenging process due to 
the difficulty of controlling the extent of reduction of metal precursor dopant. This is 
because the reduction reaction takes place rather spontaneously. Sol-gel processing 
parameters such as spinning deposition temperature, solution aging, and post deposition 
annealing temperature must be well controlled, since these factors influence the size, 
shape, texture and structure of the metal dopants (which are also defined by the properties 
of matrix which, in turn depend on the above named process parameters). For example, 





texture of the Au-doped dielectric film depend on the dopant metal concentration. The 
reduction of crystallization temperature of the dielectric matrix results in a smaller 
crystallite size, and this will affect the dielectric properties. The tailored reactions at the 
molecular level through low temperature sol-gel processing, and subsequent annealing 
may provide a useful technique to carefully control the development of microstructures 
and structures of both metal dopants, and the dielectric matrix of the metal-doped 
dielectric nanocomposite films. 
 
 Despite the advantages, the sol-gel processing cannot be used to fabricate thick 
dielectric films without much difficulty. A conventional sol-gel process involves the spin 
coating of amorphous films at room temperature, and subsequent film drying at 
intermediate temperature (solvent boiling point). The process is repeated for several times 
to increase the film thickness. However, the thick films tend to crack because of 
shrinkage problems related to thick films. For metal-doped films, the process of repeated 
spinning or dipping to make thicker films still require the initial layers to be dried or 
annealed before further deposition. Repeated annealing may cause the initial layers to 
undergo undesirable Ostwald ripening, which results in the formation of larger particles. 
Such a process will lead to the undesirable distribution of wide-sized particles through 
the film thickness. The as-deposited amorphous dielectric film requires densification by 
annealing. If this is not well controlled, it may lead to a wide-sized distribution of doped 






Another concern when using sol-gel processing to fabricate the noble metal doped 
Au dielectric films is related to the pH point at zero charge (PZC) of the matrix oxide or 
substrate, which mostly are silica or amorphous glass. Matsuoka et al (1997)19 reported 
their investigation on the correlation of PZC of various oxides such as Al2O3, TiO2, ZrO2 
and SiO2 to the amount of Au that can be incorporated into the sol-gel derived film 
oxides. Since the solution precursors can be acidic, neutral or alkaline, the oxide surface 
charges will depend on their PZC with respect to the pH solution. The AuCl4¯ ion, and 
the pure Au colloidal in solution/or matrix (if it is reduced) tend to have negative charges. 
Therefore, the AuCl4¯ ion or Au will experience either repulsive or attractive interaction 
with the oxide surface, depending on their PZC, which is determined by the pH of the 
solution medium. As shown in Table 1, the PZC for an oxide such as SiO2 is low 
compared to Al2O3, TiO2, and ZrO2. If the pH of the medium is lower than the oxide 
PZC, then the oxide surface tends to have positive charges or vice versa. The SiO2 
surface has the tendency to gain a negative charge, since it possesses a low PZC. 
Therefore, the maximum dopant, such as Au, that can be incorporated into the film 
depends on the PZC of the oxide.  
 
   Oxide Al2O3 TiO2 ZrO2 SiO2 
Point of zero charge 8.4 ± 1.0 5.8 ± 1.0 4.0 ± 1.0  1.9 ± 0.9 
Adsorption ability Yes Yes Poor No 
 









1.1.2.2 Sputtering deposition1-3, 20, 21  
Sputtering deposition methods have been used for the preparation of thin glass 
films containing metal clusters. For example, Ag-SiO2 composite films were prepared by 
multi-target magnetron sputtering system.20 The Ag concentration was controlled by the 
deposition time and the sputtering power. By depositing alternatively Ag and SiO2, a 
more effective control of the metal concentration was achieved, as compared to the co-
sputtering method using a composite target. The main drawbacks of the sputtering 
method are the difficulty in control of both the structure of the composite, and the size 
distribution of the particle, as well as the control of concentration in the case of a low 
volume fraction of the metal. 
 
 Au-SiO2 films were obtained by a multi-target magnetron sputtering system, in 
which Au and SiO2 targets were independently manipulated.21 The size of Au particles, in 
the range of 3-34 nm, could be controlled by heat treatment in air. A special geometrical 
arrangement of the radio frequency (RF) co-sputtering apparatus was set up to effectively 
control the Au concentration in the deposited film, which could be continuously varied 
over a wide range from one end of the substrate to the other. It has been proven that RF 
sputtering deposition has an advantage in producing a high concentration of embedded 
noble metal in the dielectric thin film.1-3 
 
1.1.2.3 Ion implantation techniques6, 7 
Ion-implantation of metal into glass is well established as a suitable technique for 





several advantages, such as low-temperature processing, control of distribution and 
concentration of dopants, availability of chemical states and improved solubility. These 
advantages cannot be realized via other conventional techniques. Moreover, ion 
implantation can be exploited for designing wave-guiding structures along prescribed 
pattern.   
 
The insertion of energetic ions (of typical energies in the range 10 KeV-10 MeV) 
into materials (glasses in particular) by ion implantation, results in various modifications. 
The modifications will depend on the glass composition, the ion species, fluence, energy, 
and in some cases, the interaction with the ambient when implanted glasses are removed 
from the implantation chamber.  
 
 For example, the experiment by Fukumi et al (1994)7 involved  silica glasses that 
were implanted with 1.5 MeV Au ions, at a fluence of 1 x 1017 ions/cm2. The implanted 
glass was subsequently annealed at 700-1000°C for several hours. The sample remained 
clear without crystallization after the heating. The crystallization only occurred after 17 h 
of heating at 1200°C. The Au cluster grew through the Ostwald ripening mechanism 
controlled by the diffusion of Au atom in the silica matrix. The metal ion mobility 
significantly affects the cluster formation, and the substrate plays an important role in the 








1.1.2.4 Ion-beam-assisted deposition8, 9 
Ion-beam-assisted-deposition has been explored as a suitable method for 
producing noble metals doped dielectric films. Au and Ag nanoclusters were embedded 
in silica films by evaporating the metal species (Au or Ag) simultaneously with silicon 
under oxygen bombardment. It has been demonstrated that the metal concentration, linear 
absorption, and cluster size could be controlled by varying the processing parameters and 
the post-deposition heat treatment conditions.8 In particular, a bimodal size distribution of 
Au clusters was observed, with a mean dimension of a few and a few tens of nm, 
respectively. Pulsed laser deposition has also been used as a novel technique to 
synthesize metal nanoparticles in dielectric matrix.9  
 
1.1.3 Characterization of metal doped dielectric matrix films 
The study of the optical, structural, chemical and mechanical properties of 
nanostructured metal dielectric composite films requires a detailed characterization of 
these materials. These include secondary ion mass spectroscopy (SIMS), Rutherford 
backscattering spectroscopy (RBS), nuclear reaction analysis (NRA), x-ray photoelectron 
spectroscopy (XPS), Auger electron spectroscopy (XE-AES), scanning Auger 
microscopy (SAM), transmission electron microscopy (TEM) and related X-ray energy 
dispersive spectroscopy (EDS), and electron energy loss spectroscopy (EELS).   
 
 Optical absorption spectroscopy has been widely used to study the dielectric 
composite containing small metal particles. The location, amplitude, and the width of the 





and size distribution of the nanoclusters.22 The resonant plasmon response decreases in 
amplitude, and broadens with increasing size of nanocluster, make absorption 
spectroscopy a less useful tool in the region where the nonlinear effect could be strongest. 
For ellipsoidal particles, absorption spectra taken as a function of polarization has been 
shown to give a quantitative measure of the ellipticity of the particles.23 
  
Different X-ray techniques have been used to characterize composite systems 
formed by clusters embedded in dielectric films.24 Due to the small amount or 
concentration of materials in the sample, the use of intense and collimated beams from 
the synchrotron radiation sources is particularly useful for investigating such materials. In 
particular, the X-ray small angle scattering (SAXS) was used to determine the 
morphology of the cluster system. X-ray absorption spectroscopy (XAS) has been used to 
study the mean valence state of the metal and the local atomic order around the metal 
atom.25 In particular, Extended X-ray Absorption Fine structure (EXAFS) analysis has 
been used to study the local atomic environment of the dopant metal cluster and the 
possible formation of mixed-metal or alloy clusters.26 Anomalous x-ray scattering (AXS) 
can provide information on the local structure and chemistry of the dopant by measuring 
the Bragg peak intensity at the vicinity of resonant atom energy edge.27   
 
1.1.4 Surface plasma resonance of Au dielectric composite thin film 
      The optical properties of bulk noble metal are due to the interband transition (d 
band to the s-p conduction band) at shorter wavelengths and intraband (free electron) 





modified due to the confinement of the electrons within the particle. Instead of increasing 
monotonically with the wavelength, the absorption spectrum is dominated by the resonant 
coupling of the incident field quanta of collective conduction electron plasma oscillation, 
the so-called surface plasmon.23 The surface plasmon resonance is the coherent excitation 
of all the “free” electrons within the conduction band, leading to an in-phase oscillation. 
The surface plasmon does not give rise to the most intense absorption for very small 
clusters, but is rather strongly damped. For the larger particles of several tens of 
nanometers, in which their size is still small compared with the wavelength of light, 
excitation of the surface resonance can take place with visible light. Figure 1.1 shows 
how one can picture the creation of a surface plasmon oscillation in a simple manner. The 
electric field of an incoming light wave induces a polarization of the (free) conduction 
electrons with respect to the much heavier ionic core of a spherical nanoparticles. The net 
charge difference occurs at the nanoparticle boundaries (surface), which in turn acts as a 
restoring force.28 In this manner, a dipolar oscillation of the electrons is created with 
period T. The frequency and the shape of the surface plasmon resonance (SPR) band are 
dependent on the concentration, size, and shape of the metal clusters, as well as the 
dielectric properties of the surrounding medium.29 For alkali and noble metals, the 
surface plasmon occurs in the near ultraviolet visible region.30 The surface plasmon is not 
only responsible for the linear optical properties, but governs nonlinear optical (NLO) 













1.1.4.1 Shift of plasmon resonance23, 28, 32, 33, 34, 35 
There are a number of physical reasons to explain the shift of plasma resonance of 
noble metal nanoparticles. The shift of plasmon resonance to a longer wavelength (lower 
energy) was defined as red shift. Blue shift was defined as the shifting of plasmon 
resonance to a shorter wavelength (high energy). The factors affecting the shift direction 
are size dependence SPR, shape dependence SPR, alloy formation, and the dielectric 
matrix embedded.28 
 
Mie was the first to describe surface plasmon resonance quantitatively for 
spherical particles.32 The total extinction cross-section σext composed of absorption σabs 
and scattering σscatt is given as a summation over all electric and magnetic multipole 
oscillation. For nanoparticles small compared to the wavelength λ of the exciting light (λ 







the extinction cross-section σext of the nanoparticles.23 The Mie theory then reduces to the 
following relationship (dipole approximation).  
( )












Where V is the spherical particle volume, c the speed of light, ω the angular 
frequency of the exciting radiation, and εm is the dielectric constant of the surrounding 
medium. ε1(ω) and ε2(ω) denote the real and imaginary part of the dielectric function of 
the particle material, respectively (ε(ω) = ε1(ω) + iε2(ω)). However, within the dipole 
approximation there is no size dependence except for a varying intensity due to the fact 
that the volume V depends on the particle radius R. As a modification to the Mie theory 
for small particles, the dielectric function of the metal nanoparticles itself is assumed to 
become size-dependent [ε = ε (ω, R)].23  
 
However, for larger nanoparticles (2R > 20nm) where the dipole approximation is 
no longer valid, the plasmon resonance depends explicitly on the particle size. The larger 
the particles become, the more important are the higer-order modes, as the light can no 
longer polarize the nanoparticles homogeneously. The higher-order modes peak at lower 
energies and therefore the plasmon band red shifts with increasing particles size. At the 
same times, the plasmon bandwidth increases with particles size.23  
       
The size dependence of plasmon resonance has been observed in the nanoparticles 
of Au, Ag, and Cu. Figure 1.2 shows the surface plasmon absorption of 9, 22, 48, and 99 





sodium citrate. In can be seen that the surface plasmon absorption red shift with 
increasing size while the bandwidth increases in the size regions above 20nm.33   
                  
      
 
Figure 1.2 : Surface plasmon absorption of 9, 22, 48, and 99nm gold nanoparticles 
in water.33 
 
While the peak position of the surface plasmon absorption of spherical Au 
nanoparticles is only weakly size-dependent, it varies strongly as a function of the 
composition for Au-Ag alloy nanoparticles.34 Figure 1.3 shows the surface plasmon 
absorption of gold and gold-silver alloy nanaoparticles with varying gold mole fraction 
xAu. The maximum of the plasmon absorption clearly linearly blue shifts with decreasing 
mole fraction of Au. This is due to the Ag plasmon resonance being located at a shorter 
wavelength compared to Au. However, this fact cannot be explained by a simple linear 





dependence of the plasmon band maximum on the alloy composition makes this system 
easily tunable for optical application requiring a certain absorption spectrum.  
            
     
   
Figure 1.3 : Surface plasmon absorption of gold and gold-silver alloy 
nanaoparticles with varying gold mole fraction xAu. The inset shows how the 
absorption maximum λmax of the plasmon band depends on the composition.34  
 
A much more drastic effect on the surface plasmon resonance absorption is found 
in the nanoparticle when the particles shape is changed. Figure 1.4 shows the calculated 
surface plasmon absorption of elongated Au ellipsoids with varying aspect ratios R. For 
Au nanorods, the plasmon absorption splits into two components corresponding to the 
oscillation of the free electrons along and perpendicular to the long axis of the rods. 
Whereas the resonance of the longitudinal mode is red shifted and strongly depends on 












divided by the width of the rod, the transverse mode shows a resonance at about 520nm, 
coinciding with the plasmon band of spherical particles.  
    
                  
Figure 1.4 : Calculated surface plasmon absorption of elongated Au ellipsoids 
with varying aspect ratios R. The inset shows how the absorption maximum λmax 
of the plasmon absorption depend on the aspect ratio R.35   
 
Figure 1.5 shows the surface plasmon absorption of the aggregate Au 
nanoparticles on the silica nanoparticles surfaces. It has been shown theoretically and 
experimentally that the aggregation of Au nanoparticles leads to another plasmon 
absorption at longer wavelengths when the individual nanoparticles are electronically 
coupled to each other. The oscillating electrons in one particle experiences the electric 
field due to the oscillation of the free electron in a second particle, which can lead to a 
collective plasmon oscillation of the aggregated system. The frequency and intensity of 
the latter depend on the degree of aggregation as well as the orientation of the individual 
λ m
ax /nm 





particles within the aggregate. The interparticle coupling is certainly stronger than the 
coupling with the surrounding medium.36    
   
 
Figure 1.5 : Surface plasmon absorption of the aggregate Au nanoparticles on the 
silica nanoparticles surfaces (solid line). The dashed lines are Gaussian fit to the 
two peaks, and the dotted line is the UV-visible extinction spectrum of the 
aggregate taken 10 weeks after the nanostructures were prepared.36    
 
1.1.5 Futures of Au-dielectric composite thin film  
The next generation of Au-dielectric composite thin film depends on the third 
order nonlinear optical properties (NLO) of the materials. By increasing the Au dopant 
concentration in the films, the NLO can be improved. The amount of Au that can be 
incorporated into the dielectric matrix is process dependent. Alternatively, by changing 
the dielectric constant of the matrix, the NLO can be increased to higher values. The 
dielectric materials such as TiO2, Al2O3, ZrO2 and SiO2 have been investigated as hosts to 
Au particles.11 Improvement of the NLO properties has also been reported mostly to 
depend on the incorporation of a high Au concentration. The use of BaTiO3 as a matrix, 
because of its high dielectric constant, has been attempted by several researchers. To 







1.2 Au-BaTiO3 composite thin film 
1.2.1 Sol-gel processing of Au-BaTiO3 thin film 
There are only a few studies on Au-BaTiO3 (BT) composite thin film.4-5 The thin 
films were prepared by using sol-gel processing and magnetron sputtering. Thus far, there 
are only a few researchers who used sol gel processing to prepare Au-BT films.  
 
1.2.1.1 Masaki et al method 5  
By conducting a series of experiments, which vary the Au concentration, Masaki 
et al (1998)5 found that the crystallization temperature of BT film was lowered (observed 
at 700°C) by Au addition. In addition, BT was found to be highly oriented along the 
[100] direction, despite the use of a (100) Si wafer as a substrate, which has a different 
crystal structure. Also, the Au-BT films crystallized with a tetragonal phase instead of the 
predominant cubic phase at room temperature. The process flow has been studied 
carefully, and summarized in an easy-to-understand flow chart in chapter 2 as Fig. 2.1.  
 
1.2.1.2 Otsuki et al method4 
Another study focusing on the optical properties of Au-BT composite thin film 
has been reported.4 The BT crystal structure was polycrystalline – a structure different 
from that reported by Masaki et al (1998)5, which showed a textured BT matrix. These 
results strongly suggest that the crystal structures are sensitive to the sol-gel processing 
steps and the added Au particle. For other dielectrics, there are no reported structural 






1.2.1.3 Present study 
In this study, the sol gel processing of Au-BT films was studied. The sol-gel 
processing was selected due to simple, and cheaper set-up requirement. The process was 
similar to that reported in Masaki et al (1998)5. The major difference is the use of a 
chelating agent in the present study. Here, acetylacetone was used to stabilize the 
titanium iso-propoxide precursor and prevent any undesirable hydrolysis. The use of 
chelating agents has not been considered by previous studies.4-5 In addition, this study did 
not adopt the conventional method of obtaining thicker films. Instead, film thickness was 
increased by repeating the film coating process after room temperature drying of each 
deposited layer. In the conventional method, each deposited layer was annealed at the 
intermediate temperature of around 200°C prior to the deposition of the next layer. For a 
comparison of the two processes, see the flow chart in Fig. 2.3.      
 
1.3 Motivation and objectives 
Motivated by the results of Masaki et al (1998)5, the effects of Au on enhanced 
crystallization of BaTiO3 films will be investigated in this study. In addition, the ability to 
alter the predominant cubic phase to oriented tetragonal phase BaTiO3 films with Au 
particles points to the need to carry out more detailed structural investigations.  
 
The present study was guided by the following three major objectives. The first 
objective was to use the sol-gel process to prepare Au-BaTiO3 thin films for the 
investigation of enhanced crystallization. A further exploration of the textured BT matrix 





The second objective was to gain more knowledge of sol-gel processing of Au-
BaTiO3, particularly the effects of chelating agents on the as-deposited films.  
 
The third objective was to apply advanced characterization techniques such as 
EXAFS, DAFS, and HRTEM to investigate the structure of deposited films. These 
techniques would be able to provide a better understanding of the miscibility of the 
elements in the system used in this study.  
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2.1 BaTiO3 solution preparation 
2.1.1 Acetic acid route 
Gel-precursor solution (sols) of barium titanate (BT) was prepared from barium 
acetate [Ba(CH3COO)2] (99.9%; Fluka Co.) and titanium isopropoxide [Ti(OCH(CH3)2)4] 
(99.99%; Aldrich Co.). The moisture-sensitive titanium isopropoxide was handled in a 
portable dry nitrogen glove box. Acetic acid [CH3COOH] (99.9%; Aldrich Co.) was used 
as a solvent. The processing routes used by Otsuki et al (1999)1, and Masaki et al (1998)2, 
are shown in Figs. 2.1 and 2.2 respectively. The major differences in the BT solution 
preparation for this study compared to the cited work1,2 (as shown in Figs. 2.1 and 2.2, 
respectively), was the use of a chelating agent for the titanium precursor. The use of a 
chelating agent in sol-gel processing was necessary (it was not used by previously cited 
authors) 1,2 so as to prevent the hydrolysis (due to atmospheric humidity) of titanium iso-
propoxide. In the present study, two acetic acid routes using the same titanium precursor 
but different chelating agents, i.e. acetylacetone and 2-methoxyehtanol respectively, were 
used to stabilize the titanium isopropoxide. These two routes are denoted as acetic acid 
route (A) and acetic acid route (B) as shown in Fig. 2.3.    
 
2.1.1.1 Acetic acid route (A) and acetic acid route (B) 
The preparation procedures for acetic acid routes (A) and (B) are shown in Fig.  




then mixed with acetylacetone (2.262g) [CH3COCH2COCH3) (99.9%; Aldrich Co.) in a 
molar ratio of 4 moles of acetylacetone to 1 mole of titanium isopropoxide. An 
exothermic reaction immediately took place leading to a transparent yellow solution. In a 
separate flask, 2.3386g barium acetate hydrate was added to 20.0g of acetic acid (with a 
molar ratio of titanium to barium of 1:1) and then heated under refluxing conditions for 1 
h at 80˚C to form a barium-acetic solution.  
 
These two solutions were then mixed in a single reaction vessel by pouring the Ti 
acetylacetone precursor into the barium-acetic acid precursor (while the barium-acetic 
acid precursor was still warm at ~ 60˚C). The mixture was again refluxed for 1 h at 80˚C.     
 
2.2 Au-BaTiO3 solution preparation 
2.2.1 Acetic acid route 
 The precursor solutions for Au-BaTiO3 were prepared by adding the Au precursor 
solution to the flask containing BT precursor solution. The flow chart of Au-BaTiO3 
precursor solution preparation is shown in Fig. 2.3. The Au precursor was prepared by 
dissolving the Au chloride salt into the acetic acid, instead of using methanol or 1-
butanol. The process is as shown in Figs. 2.1 and 2.2, respectively. The modified solution 
preparation was practiced to prevent any possibility of forming striation during film 
casting by the spin coating process due to the complexity of solvent mixture.3  
The amounts of Au chloride salt used were of 0.01, 0.05, and 0.1 moles 
respectively, per 1 mole of barium acetate hydrate. The weighted Au salts were added to 




Au-BT solution precursor (0.01, 0.05, and 0.1M) were used to prepare 1%, 5%, and 10% 
Au doped BaTiO3 films respectively. Only the Au-BT precursor solution that was 
transparent by visual inspection was used for Au-BT films deposition. Any precipitation 
of Au precursor would reduce the actual amount of Au in the solution. In the present 
study, the solvent used was acetic acid. For detailed illustrations, please refer to Figs. 2.3.     
  
2.3 Film preparation 
2.3.1 Substrate materials and cleaning  
 Substrate materials used in this work were microscope glass slides and sapphire 
substrates. Prior to film deposition, the substrates were thoroughly cleaned. An ultrasonic 
cleaning in trichloroethylene for 30 min. was first employed. It was followed by an 
ultrasonic cleaning in acetone for 30 min, and then in 2-propanol for another 30 min. 
Propanol was spun off on a spinner before films deposition.    
 
2.3.2 Deposition and annealing of BaTiO3 and Au-BaTiO3 film  
 The films were fabricated by spin coating the solution onto the substrate using the 
spin coater (CHEMAT Co.). All the films studied here were prepared in ambient 
conditions. The spinning condition used was 3500rpm for 45 sec. The coated substrates 
were transferred to an open-air environment for ambient drying. For depositions of 
multiple layers, the coated wet substrates were left on top of a spinner chuck after 
coating. After 15 min of air-drying, the subsequent depositions were continued and 




ranging from 300ºC to 600ºC in air for 60 min. The sample was inserted into a tube 
furnace after the furnace reached the target temperature.        
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Figure. 2.3 :  Flow chart for preparation of gold-dispersed BaTiO3 thin films from GOH et 
al (2002). 
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Sol-gel method is an attractive process for making hybrid ceramic films due to its 
lower processing temperature. The as-prepared amorphous films were crystallized after 
annealing at a high temperature. Understanding the film crystallization mechanisms is 
necessary in order to reduce crystallization temperature. The reduction of crystallization 
temperature would prevent undesirable grain growth of nanostructures. 
 
 Masaki et al (1998)1 has proposed the following mechanisms in Au-enhanced BT 
crystallization: increased atomic migration due to internal stress caused by Au; the local 
electric field effects around Au; or the heterogeneous nucleation of amorphous BT on Au. 
To date, the control of crystallization of Au-BT is not well understood.  
 
In order to investigate the Au enhanced crystallization of BT, a real-time 
crystallization experiment using synchrotron X-ray scattering was carried out. Real-time 
synchrotron X-ray scattering technique with high resolution and high flux density is 
ideally suited to obtain accurate structural information, and identify minute structural 
changes during crystallization.  
 
In addition, the extended X-ray absorption fine structure (EXAFS) analysis was 
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3.1 Synchrotron radiation characterization 
3.1.1 Synchrotron radiation2 
Synchrotron radiation is produced when charged particles traveling at relativistic 
speeds are accelerated. Magnetic fields of several kilogauss, applied normally to the 
particle trajectory produce transverse acceleration, resulting in a larger amount of 
radiation being emitted. In most synchrotron storage rings, the particle beam consists of 
electrons. However, positron currents are also used. Since positron currents produce 
fewer ions, the stored beam has a longer lifespan.2 
 
Synchrotron radiation is highly intense, and the polarized beam is concentrated in 
a narrow angular range. It has a very wide spectral distribution tunable with appropriate 
monochromating devices, and is delivered as a series of short pulse of less than a 
nanosecond. Crystallography based on characteristic radiation from an excited metal 
target has succeeded to the extent that the determination of moderate-size crystal 
structures is now an essentially routine analytical technique.  
 
The high intensity of a synchrotron radiation combined with the white beam 
techniques, in which a broad band-pass of the photons is used, can lead to ultra-fast, 
perhaps sub-nanosecond timescales data collection, and thus to the study of fast reactions 
in solids. The pulsed time-structure of the synchrotron source becomes a distinct 
advantage in studies of very fast processes, for which kinetic measurements may be made 
with varying time-delay after the occurrence of the pulses. The width of the pulses is 
measured in tenths or hundred of picoseconds, which means that a very good time 
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resolution can, in principle, be achieved.  One of the useful features of synchrotron 
radiation that is being increasingly exploited in powder diffraction experiments is the 
possibility of using anomalous scattering to selectively probe atoms with accessible K- 
and L- absorption edges.  
 
3.1.2 X-ray scattering3, 4 
 X-ray diffraction (XRD) is well known as an indispensable technique for 
materials characterization, and is widely used in laboratories throughout the world. The 
many traditional applications are phase identification, qualitative and quantitative 
analysis, accurate measurements of lattice parameters, texture and preferred orientation 
studies, line broadening analysis of particles size and strain effects, phase equilibrium 
studies and measurement of residual stress.3   
 
The full width at half maximum (FWHM) of a peak reveal its crystal domain size 
caused by the particle size broadening.3 Therefore, a broad scattering feature indicates 
that the crystal domain size is small. In order to get the quantitative domain size, L, the 
Scherrer formula4, as shown in equation (3.1) is used: where B (Qz) is the FWHM of the 
peak in Qz direction (Qz is the momentum transfer in film normal direction). 
 
L = 4*(πIn2) 1/2 / B (Qz)   (3.1) 
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The integral width, β, of a peak is defined as the area under the Bragg peak divided by its 
maximum height, as shown in equation (3.2): where A is integrated intensity (area under 
the Bragg peak) and Io the maximum intensity of Bragg peak. 
 
 β = A / Io     (3.2) 
 
3.1.3 Extended X-ray absorption fine structure (EXAFS) 5 
X-ray absorption fine structure refers to the oscillatory structure in the X-ray 
absorption coefficient just above an X-ray absorption edge. This turns out to be a unique 
signature of a given material. It also depends on the detailed atomic structure, and the 
electronic and vibrational properties of the material. EXAFS is a very useful probe of the 
local atomic environment of a particular element in the materials, i.e., the species of 
atoms present and their location.  
 
X-ray absorption spectroscopy measures the absorption of X-ray as a function of 
X-ray energy E. If the absorption coefficient is plotted as a function of energy E, the 
experimental data show three general features: (1) an overall decrease in X-ray 
absorption with increasing energy; (2) the presence of a sharp rise at certain energies 
called edges, which roughly resembles step-function increases in the absorption; (3) 
above the edge, a series of wiggles of oscillatory structure that modulate the absorption, 
typically by a few percent of the overall absorption cross section. 
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The third feature is the XAFS that is of primary interest. When interpreted 
correctly, this feature contains detailed structural information, such as inter-atomic 
distances and coordination numbers. Each absorption edge is related to specific atom 
present in the materials and, more specifically, to a quantum-mechanical transition that 
excites a particular atomic core-orbital electron to the free or unoccupied continuum level 
(ionization of the core orbital).     
    
3.2 Experimental procedure  
3.2.1 BT and Au-BT film preparation 
BT and Au-BT films were spin-coated on a sapphire substrate, using the sol-gel 
process described in Chapter 2. The sol-gel process has undergone some modifications, 
and these were described in Chapter 2 on the experimental procedure. Each film 
consisted of ten spun layers with a total thickness of ~ 180nm. The as-coated films of BT 
or Au-BT films were dried on a hot plate at 100°C in air before commencing the real-
time crystallization study using the synchrotron X-ray scattering. The as-spun amorphous 
films were mounted on the heating stage and annealed in air from room temperature (RT) 
to 700°C. The temperature was successively increased at heating rate of 10°C/min, and 
held constant for at least 60 min. in each measurement. The samples were cooled in air 
down to room temperature for final sample measurement.   
 
3.2.2 Sample heating stage in X-ray scattering 
For the annealing experiment, an assembly of machined ceramic kits and kantal 
wire heater were used. The heating stage was designed such that the temperature can be 
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increased up to 750°C. The temperature was measured using a K-type thermocouple. The 
thermocouple was connected to a temperature controller with a DC power supply. The 
device was used to control the temperature of the sample. The sample was placed on this 
heating stage and annealed in air to avoid oxygen deficiency in the BT film during 
crystallization. The heating stage was set on the goniometer head of the 4-circle Huber 
diffractometer for the real-time measurement.  
 
3.2.3 X-ray scattering set-up and film characterization 
The temperature was increased stepwise and kept constant during the X-ray 
scattering measurement. The real-time X-ray scattering measurement was carried out at 
beamline 5C2 at Pohang Light Source (PLS) in S. Korea. The incident X-ray was 
vertically focused by mirror, and monochromatized to a wavelength of 1.378 Å by a 
double bounce Si (111) monochromator. The monochromator also focused the X-ray in a 
horizontal direction. The sample orientation was adjusted in a four-circle goniometer. 
The momentum transfer resolution was controlled by two pairs of slits in front of the 
detector, and was set at 0.001 Å-1 in this experiment.6 Conventional powder diffraction 
were performed for the range at each particular temperature, followed by a fine scan at 
each particular diffraction peak. The out-of-plane mosaicity of the film was estimated by 
measuring the rocking curves, obtained by measuring the scattered intensity as the 
sample was rocked and while fixing the magnitude of the momentum transfer at a 
corresponding Bragg reflection. 
 
 
Real-time Synchrotron Radiation Characterization 
------------------------------------------------------------------------------------------------------------ 
 35
3.2.4 Extended X-ray absorption fine structure (EXAFS) 
The extended X-ray absorption fine structure measurement was carried out at 
beamline 3C1, Pohang Light Source (PLS) in S. Korea. The absorption spectra were 
recorded on L3 Au absorption edge. The monochromator was equipped with a Si (111) 
channel-cut crystal and the detection of X-ray beams was achieved by two ionization 
chambers filled with Kr gas. The Au L3 absorption edge was calibrated with a Au foil. 
Data reduction of experimental X-ray absorption spectra was performed using the 
WINXAS software.7 Pre-edge background subtraction and normalization were carried out 
by fitting a linear polynomial to the pre-edge region and cubic spline to the post-edge 
region of the absorption spectrum. A smooth atomic background was obtained. The 
EXAFS spectrum χ(k) was Fourier Transform (FT) in the k range of 2 to 9 Å-1, with a 
Gaussian window function and a k weight. 
 
3.3 Results and discussions  
The conventional X-ray powder diffraction was taken by varying the momentum 
transfer (Qz = 2π/d) along the surface normal to characterize the crystal structure of pure 
BT and Au-BT films. Figure 3.1 shows the real time X-ray powders diffraction profile of 
pure BT film at different annealing temperatures. Crystallization of pure BT film started 
at 600°C as indicated by the evolution of two most intense BT peaks: BT (110) reflection 
at Qz = 2.191Å-1 and BT (111) reflection at Qz = 2.682Å-1.  
 
As shown in Table 3.1 the Qz values for all the BT reflections measured at 600°C 
were smaller compared to the annealed sample that was cooled to room temperature. The 
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smaller measured Qz for 600°C BT sample suggests that the reflection had a larger lattice 
spacing since Qz = 2π/d. Lattice thermal expansion at a high temperature of 600°C, 
resulted in the smaller Qz. The differences of the Qz for all the BT reflections of the 
quenched sample from the JCPDS file were less than 0.5 %.  
 
The crystalline BT films showed a polycrystalline crystal structure. No BT peak 
splitting was observed, suggesting the presence of a cubic phase. It was difficult to 
differentiate the cubic from the tetragonal phases of polycrystalline BT since the c/a ratio 
(1.01) of tetragonal BT is very close to 1. The data did not show whether the BT films 
were predominantly a cubic or tetragonal phase. According to the thermodynamics of 
phase transition, BT at room temperature should exist as a tetragonal phase with a Curie 
temperature of transformation to cubic phase at 130°C.8 However, the cubic crystal phase 
was mostly observed, particularly in thin BT films. 
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Figure 3.1 : The real-time X-ray powders diffraction profile of pure BaTiO3 film.  
 
 
    
  Qz (Å-1) = (2π/d), d = lattice spacing (Å) 
 BT (100) BT (110) BT (111) BT (200) BT (210) BT (211) 
At 600°C 1.552 2.191 2.682 3.104 N/A 3.797 
Quenched 1.567 2.217 2.712 3.134 3.5047 3.839 
JCPDS 1.559 2.214  2.715 3.112 N/A 3.845 
  
Table 3.1 : Qz values of BT reflections measured at 600°C, and subsequently 
quenched (cool in air) BT films, and extracted from cubic BT JCPDS data file 
 
The reduced crystallization temperature of our pure BT is attributed to the use of 
acetylacetone that stabilized the chemical homogeneity in precursor films. The chelating 
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agents are very useful in a multi-component sol-gel system because most of the 
precursors have different hydrolysis rates. The undesirable hydrolysis leads to phase 
separation in the sol and subsequent inhomogeneous film composition. Better 
compositional homogeneity would result in reduced diffusion distances for crystallization 
to occur at a lower temperature.  
 
 Figure 3.2a shows the real time X-ray powder diffraction profile of 1 % Au-BT 
film. It was found that the crystallization temperature (Tcr) of 1 % Au-BT film was 
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Figure 3.2a :  The real-time X-ray powder diffraction profile of 1% Au-BaTiO3 
film. 
 
In order to confirm the observed Tcr, we repeated the experiment and found that 
the film crystallization temperature was confirmed at 500°C, as shown in Fig. 3.2b. The 
values of Qz of the cooled 1 % Au-BaTiO3 films were similar to that of the pure BT film. 
We compared the BT Bragg peaks position in order to study the stress induced in the BT 
film by adding Au particles. In Table 3.2 the Qz values for all the BT reflections for 1% 
Au-BT film were similar to the pure BT film at 600°C. Similar results were obtained 
from further repeated experiments. The results showed the consistency of reduction of 
crystallization temperature of BT film by adding Au particles. However, our Qz values 
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did not indicate the presence of strain in BT film. The sharp peak at Qz = 2.452Å-1 was 
attributed to the sapphire substrate (104) reflection.    
 
 Qz (Å-1) = (2π/d), d = lattice spacing (Å) 
 BT (100) BT (110) BT (111) BT (200) BT (210) BT (211) 
At 600°C 1.552 2.191 2.696 3.119 N/A 3.253 
At 500°C 1.552 2.190 N/A N/A N/A N/A 
Quenched 1.567 2.214 2.712 3.134 3.5047 3.839 
JCPDS 1.559 2.214  2.715 3.112 N/A 3.845 
 
Table 3.2 : Qz values of BT reflections measured at 600°C, and subsequently 
quenched 1% Au-BT films, and extracted from cubic BT JCPDS data file 
 
Even though the film crystallization temperatures, Tcr, were similar for two 1% 
Au-BT films sample at 500°C (Figs.3.2a and 3.2.b), the presence of a new crystalline 
phase at temperatures ranging from 450°C to 500°C in the first 1% Au-BT sample was 
observed (Fig.3.2.a). The peaks were identified as AuTi3 (110) and (211) reflections 
respectively.9, 10 The Qz values for the peaks were 1.740Å -1 and 2.999Å-1, respectively. 
However, these reflections were not observed in the second sample. See Fig.3.2.b. The 
existence of the AuTi3 intermetallic phase in the 1% Au-BT film has not been reported. 
The AuTi3 phase, observed in the first powder diffraction profile at 450°C, disappeared in 
the subsequent scan after a long residence time at 500°C. The disappearance of AuTi3 
occurred with the evolution of BT reflections, indicating that the BT started to crystallize 
at this temperature.    
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The same phase transformation of AuTi3 in the second 1 % Au-BaTiO3 film 
(Fig3.2.b) was not observed, even though both samples were crystallized at 500°C. These 
results suggest that AuTi3 could serve as a heterogeneous nucleation site for the BT 
crystallization. More detailed real-time investigation is needed to understand the phase 
transformation process, a process which could possibly involved AuTi3 in the 
crystallization of BT.   
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Figure 3.3 : The real-time X-ray powder diffraction profile of 5 % Au-BaTiO3 
film. 
 
Figure 3.3 shows the real time X-ray powder diffraction profile of 5 % Au-BT 
film. The broad peak located at Qz = 2.656Å-1 was observed at room temperature (RT). 
Note that the (110) sapphire (Qz = 2.641Å-1), (111) Au (Qz = 2.668Å-1) and (004) AuCl 
(Qz = 2.651Å-1) could also exist around this Qz. The intensity of this Bragg peak 
increased with Au concentration in as-spun films, and it was not detected in the 1% Au-
BT. The crystallization temperature for the 5 % Au-BT film was 480°C, which was 
slightly lower than the 1 % Au-BT sample at 500°C. The measured BT reflection Qz 
values were compared with the1 % Au-BT sample. No significant shifting of BT 
reflection peak positions was found. In this experiment, the presence of AuTi3 phase in 
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5% Au-BT sample was not detected. However, it was clear that regardless of the presence 
of AuTi3 phase or strain effect (caused by the Au addition), the crystallization 
temperatures of Au-BT films were indeed significantly reduced with the presence of Au 
in BaTiO3 thin films.  
 
Figure 3.4 shows the real time X-ray powder diffraction profile of 10 % Au-BT 
film. This 10 % Au-BT films were crystallized at 500°C. The as-deposited 10% Au-BT 
films showed a distinct Bragg peak at Qz = 2.656Å-1 at RT. A similar peak was observed 
in the 5 % Au-BT film, but not in the 1 % Au-BT or pure BT films. In addition, the 
intensity of this Bragg peak decreased with decreasing Au concentration. This indicated 
that Bragg peak at Qz = 2.656Å-1 was related to either the Au or AuCl precursor complex. 
The amount of chloride in the films should be in direct proportion to the Au salt used in 
the experiment.  It was ruled out that this Bragg peak was related to the sapphire substrate 
because the Bragg peak in question was dependent on Au concentration. The out-of-plane 
mosaicity of the film was estimated by measuring the rocking curve, obtained by 
measuring the scattered intensity as the sample was rocked while fixing the magnitude of 
the momentum transfer at a corresponding Bragg reflection (Qz = 2.656Å-1). 
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Figure 3.4 : The real time X-ray powder diffraction profile of 10 % Au-BaTiO3 
film. 
 
Figure 3.5 shows the rocking curve of the Bragg peak, Qz = 2.656Å-1, of the 10% 
Au-BT films. The Bragg peak was strongly oriented in the out-of-plane direction with a 
mosaic of less than 1°, for the as-deposited film. This good alignment persisted in the 
film when it was annealed to 350°C. The mosaic of the Bragg peak slightly worsened 
(but still maintained at around 1°) at the temperature range of 400°C to 450°C. The major 
misalignment of this Bragg peak occurred at 500°C, which was the crystallization 
temperature of the BT matrix. This result suggests that most of the Au was in the form of 
(111) Au, and a relatively small amount existed as AuTi3.   
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Figure 3.5 : The rocking curve of the Bragg peak (Qz = 2.656Å-1) of 10% Au-BT 
film. 
 
Figure 3.6 shows the integrated intensity of the Bragg peak (Qz = 2.656Å-1) 
increased after 250°C until it reached 350°C. At 400°C, there was a decrease. The 
increase of integrated intensity of this Bragg peak would seem to suggest that the amount 
of crystalline Au has increased. It was speculated that the entire Au precursor has not 
been reduced to the crystalline Au, which contributed to Bragg peak (Qz = 2.656Å-1). The 
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remaining precursor would thermally decompose to Au with the increasing annealing 
temperature, and tend to align in the out-of-plane direction. 
  





























Figure 3.6 : The integrated intensity of Bragg peak (Qz = 2.656Å-1) of 10% Au-
BT film. 
 
Another possibility involves the growth of reduced Au particles, which grew to a 
size that was detectable by X-ray scattering upon increasing the temperature. The 
decrease in integrated intensity at 400°C could be correlated to the formation of AuTi3 at 
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400°C, as observed in Fig. 3.4. The reduced Au particles may have participated in the 
formation of AuTi3 intermediate phase. The subsequent increase of the diffraction 
intensity with further increase of annealing temperature resulted in the disappearance of 
the AuTi3, which occurred with the onset of crystallization of BT as proposed above. 
After 450°C there was decreased in integrated intensity. The decrease in integrated 
intensity means the (111) oriented Au particles decreasing. The crystallization of BT 
matrix at temperature after 450°C might force the Au particles to orient in other direction.     
 


































Figure 3.7 : The FWHM and crystallite size of Au (111) determined at Bragg 
peak (Qz = 2.656Å-1) of 10% Au-BT film. 
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Figure 3.7 shows the FWHM and crystallite size of Au (111) determined at Bragg peak 
(Qz = 2.656Å-1) of 10% Au-BT film. The crystallite size of Au for the 10% Au-BT 
sample (estimated from (111) broadening) increased from about 10 nm (room 
temperature ~ 350°C) to about 14 nm at the temperature range 400 to 500°C. It further 
increased to about 25 nm at 600°C. The grain growth of Au was caused by the Au 
diffusion at high annealing temperatures.   
 
 
 1% Au-BT 5% Au-BT 10% Au-BT 
Au (111) crystallite size N/A 4 nm 20 nm 
BT (110) crystallite size  14 nm 28 nm 14 nm 
BT (110) d-spacing  2.8675 Å 2.8604 Å 2.8636 Å 
  
Table 3.3 : Calculated crystallite sizes of BT (110), Au (111) and BT (110) d             
spacing at crystallization temperature, for 1, 5, and 10% Au-BT films.  
 
The crystallite size of BT in the 1 and 10% Au-BT films was the same 
(Table.3.3). The 1% and 10% Au BT films showed larger BT (110) d spacing compared 
to the 5% Au-BT films. Interestingly, the crystallite size of the BT (110) for both 
compositions was smaller than the 5% Au-BT films. The inverse relationship between the 
change in d spacing and crystallite size can be attributed to the surface stress. The 
crystallite size of Au (estimated from (111) peak broadening) increased from 4 nm to 20 
nm with increasing Au concentration from 5 to 10%. The crystallization temperature of 
BT was reduced with Au particles, but it did not depend on the Au concentration. The 
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results obtained from the present study seemed to contradict the observations of the Au-
dependent BT films crystallization temperature as reported by Masaki et al (1998)1.  In 
the experiments conducted in this study, all Au-BT films crystallized at 500°C, which 
was about 200°C lower than that reported in Masaki et al (1998)1. 
 
 Although the 1, 5, and 10% Au-BT films had slightly different BT (110) d 
spacing, the same crystallization temperature showed that stress-induced enhancement of 
BT crystallization by Au did not necessarily occur as previously proposed.1 The 
difference in BT (110) d spacing, seem to be more effective in inhibiting the BT crystal 
growth due to surface stress. The reduction of BT films crystallization might be due to 
the presence of AuTi3 inter-metallic phase. It could serve as a heterogeneous nucleation 
site for the BT nuclei. We showed that the detection of AuTi3 was very difficult and very 
sensitive to the annealing temperature, dwell time, and perhaps orientation dependence as 
well. More detailed work is needed to have a better understanding of this crystallization 
process.  
 
 Figure 3.8 shows the normalized absorption spectra of 10% Au-BT sample at 
various temperatures from the EXAFS results. The near-edge region of the samples did 
not change with the increase of temperature, and it was similar to the Au reference foil. In 
the as-deposited sample (indicated at 25˚C), qualitative analysis of the normalized 
absorption spectra showed that the Au particle embedded in BT film was pure Au. The 
Fourier transform (FT) of this EXAFS spectrum (Fig. 3.8, inset) showed several peaks, 
corresponding to different coordination shells. It was noted that the first peak in real 
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space was split due to the highly nonlinear Au phase and the oscillator behavior of the 
backscattering amplitude.11 The positions and relatives intensities of these two split 
components depend on the FT conditions. The nearest-neighbor distances (uncorrected 
phase shift) of Au obtained from FT were 2.3738 Å, and 2.3863 Å for as-deposited Au-
BT and Au foil respectively.   
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Figure 3.8 : Normalized EXAFS spectra of Au L3 edge for 10% Au-BT at various 
temperatures. Inset showed the Fourier Transform (FT) of Au foil and 10% Au-
BT at room temperature, at 25˚C. 
 
Figure 3.9 shows the near-edge regions of the normalized absorption spectrum of the Au 
foil and HAuCl4 precursor. There was a clear difference between the two samples, thus 
confirming that pure Au particles existed in as-deposited Au-BT films.             
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Figure 3.9 : Normalized EXAFS absorption spectra of Au L3 edge for Au foil, 
HAuCl4, and Au in as-deposited 10% Au-BT films (bottom spectra).  
     
3.4 Summary 
1. The experiments showed that Au-BT films crystallized at 500°C compared to 
pure BT films at 600°C. This confirms the observation of Masaki et al (1998)1. 
 
2. The experiments showed that BT films crystallization temperature did not depend 
on added Au concentration. The stress-induced BT crystallization, as proposed by 
Masaki et al (1998)1 was not conclusive.  
 
3. The formation of intermetallic AuTi3 phase was detected prior to the 
crystallization of BT, and subsequently disappeared at BT crystallization 
temperature. It is suggested that this intermetallic phase may serve as a 
heterogeneous nucleation site for BT nucleation.   
 
4. There was no effect of Au concentration on the crystallization temperature of BT. 
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5. The observation of a distinct sharp peak at Qz = 2.656Å-1 may be related to either 
AuCl or Au. The peak was well aligned, and the mosaic was less than 1°. The 
EXAFS results confirmed that as-deposited Au-BT film consists of pure Au rather 
than AuCl.  
 
6. The textured peak at Qz = 2.656Å-1 (Au or Au compound) at room temperature in 
BT matrix needs further investigation.  
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Chapter 4  




There are numerous reports on Au reduction in the literature. These include 
chemical1, 2, photo3, electro4 and mechanical5 approaches. The study of Au reduction to 
form stable colloidal or Au embedded dielectric films has attracted much interest due to 
the possible application in the nonlinear optical (NLO) devices. It also has potential 
applications in healthcare or in the life sciences due to the optical absorption in visible to 
near infrared regime.   
 
The possibility of room temperature reduction of Au ion to Au has been observed 
in the sol-gel process proposed in this study.  In chapter 3, it was found that during the 
study of Au- BT films crystallization by synchrotron radiation x-ray scattering, and the 
extended x-ray absorption fine structure experiment, there was formation of textured Au 
particles in the amorphous BT matrix at room temperature. The optical properties of Au 
were also investigated using UV-Visible spectrophotometry.  
 
This chapter proceeds with the discussion of a mechanism of Au reduction, and 
the effects of a sol-gel solution precursor such as a solvent, and a chelating agent on Au 
reduction behavior. The effect of the random, and textured Au nanoparticles in BaTiO3 
films matrix on surface plasmon absorption are then discussed. The effects of Au solution 
aging on Au reduction in amorphous BT matrix are also addressed.   
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4.1 Chemical reduction  
The simplest and by far the commonly used preparation method for gold 
nanoparticles is the aqueous reduction of AuCl4¯ ion in refluxing sodium citrate.6 
Although sodium citrate is the most commonly used reducing agent, metal nanoparticles 
can also be synthesized by the use of sodium borohydride and other reducing agents. The 
reduction can be carried out at room or an elevated temperature. The Au nanoparticles 
formed are not stable, and capping with surfactant is necessary to prevent the 
agglomeration of particles.   
 
4.3 Photo-reduction  
Irradiation with light having wavelengths less than 320 nm resulted in the 
reduction of AuCl4¯ ions in the presence of ethylene glycol, ethanol, and water.3 
Subsequent to the irradiation, there was a relatively slow development of stable 
absorbance around 550 nm, which is the surface plasmon resonance absorption of the Au 
particles. Photo-reduction of Au, Ag, and Rh in water or in alcohol has also been studied 
extensively.4 It has been reported that photo-reduction of Ag and Rh ion in alcoholic 
solutions is largely influenced by the kind of alcohol used.4  
 
4.4 Experimental procedure 
Surface plasmon resonance (SPR) of Au precursor solution, as-deposited, and 
annealed Au-dielectric film was measured with a computer controlled Shimadzu UV-
1201PC spectrophotometer. The spectrophotometer covers wavelengths from 190nm to 
1100nm. The measurement for Au solution was performed with the blank quartz tube set 
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as a reference. The baseline scan was performed with both empty quartz tubes placed at 
the reference and sample position respectively. The Au solution was then introduced into 
the quartz tube for measurement. Two uncoated substrates (microscopic glass or 
sapphire) were placed at the reference and sample positions for baseline scanning. The 
substrates with deposited films were then measured using the UV-Vis. All the 
measurements were performed with 1nm scan rate in the absorption mode.        
   
4.5 Results and discussion 
Figure 4.1 shows the surface plasmon absorption of the 10% Au-BaTiO3 films 
prepared with different chelating agent. As-deposited Au-BT film using acetylacetone as 
a chelating agent shows the Au SPR located at 535nm. To prevent any reduction due to 
light, this measurement was performed immediately after the film coating process and the 
samples were wrapped in black paper. In addition, optical measurement has to take place 
immediately so as to prevent aging effect in the sample. This is very important because 
the aging of as-deposited Au-BT films can give rise to Au plasmon absorption. The 
current study tried to minimize, if not completely eliminate, the possibility of Au 
formation due to the thermal or photo reduction mechanism. It was surprising to observe 
the presence of Au plasmon absorption in the as-deposited Au-BT film. This observation 
has not been reported in the literature on sol-gel processing to prepare Au-BT films.7 In 
order to find out the reasons of Au ion reduction in the as-deposited films, additional 
experiments were conducted by changing the chelating agents.   
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Figure 4.1 : Surface plasmon absorption of as-deposited 10% Au-BT film 
prepared with different chelating agents. 
 
The effects of varying the chelating agent (i.e. acetylacetone or 2-
methoxyethanol) while keeping the same barium precursor, titanium precursor, and acetic 
acid solvent were investigated. The function of chelating agents such as acetylacetone or 
2-methoxyethanol was to replace some of the hydroxyl groups, which are attached to Ti 
in the titanium iso-propoxide precursor, and as a result slows down the rate of precursor 
hydrolysis.8 The chelating agents are very useful in a multi-component sol-gel system 
because most of the precursors have different hydrolysis rates. The undesirable 
hydrolysis leads to phase separation in the sol and subsequent inhomogeneous film 
composition. In the system used in the present study, the use of acetylacetone as a 
chelating agent reduced the BT film crystallization by about 100°C. The titanium iso-
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propoxide chemical structures with and without the chelating agent of acetlyacetone are 
as shown in Fig. 4.2. 
 
Figure 4.2 : Chemical structures of pre- and post- chelating titanium                     
iso-propoxide with acetlyacetone  
 
In the experiments conducted in this study, the acetylacetone was replaced with 2-
methoxyehtanol, which is another chelating agent commonly used in sol-gel processing 
for reactive precursors such as transition metal base alkoxide.8 For comparison, the films 
preparation procedures were kept the same except for the use of different chelating 
agents. As shown in Fig. 4.1, the surface plasmon absorption of the film deposited using 
2-methoxyethanol did not show Au surface plasmon absorption at around 530nm. It 
would seem to suggest that the Au precursors in BT films prepared by 2-methoxyethanol 
were in the ionic form. It was reported that the Au in precursor form are stable either in 
the (I) or in (III) ionic state. Au (III) ions exist as AuCl4¯ complex ion in aqueous 
solution.9 This complex ion shows a faint yellow color either in solution, or in the film 
due to the ligand to metal charge transfer (LMCT) band located at 295nm, as shown in 
Fig. 4.3. It shows the reduction of AuCl4¯ complex ion to Au nanoparticles in the 10% 
Au-Al2O3 film by thermal decomposition. The 10% Au-Al2O3 films were prepared by 
sol-gel processing, using aluminium iso-propoxide and Au chloride salts as chemical 
precursors. Acetlyacetone was used as a chelating agent in the experiment. As for the Au-
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BaTiO3 system there was difficulty in monitoring the transition due to the presence of 
intense TiO2 band edge at similar positions. 
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Figure 4.3 : Surface plasmon absorption of AuCl4¯ and Au of 10%                    
Au-Al2O3  films annealed at different temperatures.  
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Figure 4.4 : Surface plasmon absorption of Au solution precursor mixed with 
different chelating agents.  
 
The Au particles did exist in the as-deposited Au-BT film prepared by acetylacetone. It 
means that by changing the solution precursor such as a chelating agent, the ionic Au 
could be reduced from Au3+ to Au0 electronic state. During the chelating process of 
titanium iso-propoxide by acetylacetone, iso-propanol would be introduced into the 
solution. In order to verify that Au formation in Au-BT film was due to the reducing 
ability of acetylacetone, rather than by other chemical reductions due to the by-product of 
the chelating process, control experiments were conducted by removing the titanium 
precursor. Only the Au chloride salt, acetic acid solvent, and the chelating agent were 
used in this investigation. Figure 4.4 shows the surface plasmon absorption of Au 
solution precursor mixed with different chelating agents. It clearly shows that Au 
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plasmon absorption exists in solution mixtures containing acetylacetone but not in 
solution with 2-methoxyethanol. It should be noted that the release of iso-propanol 
should occur in both chelating agents, as it is part of the chelating process mechanism.8 
These experiments show that acetylacetone alone reduces the Au precursor to form 
colloidal Au in the BT precursor prior to film deposition by spin coating of the precursor 
solution. The existence of acetylacetone as a 25/75% equilibrium mixture of “keto” and 
“enol” forms at room temperature might contribute to the reduction of Au precursor.8      
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Figure 4.5 : Surface plasmon absorption of 10% Au-BT films prepared by using 
acetylacetone as a chelating agent at different temperatures.  
 
After establishing the role of acetylacetone as a chelating agent, the study proceeded to 
investigate the surface plasmon absorption of Au-BaTiO3 films as a function of annealing 
temperature. Figure 4.5 shows the surface plasmon absorption of 10% Au-BT films 
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prepared by using acetylacetone as a chelating agent at different temperatures. It shows 
that the as-deposited 10% Au-BT films using acetylacetone as a chelating agent exhibited 
the Au SPR at 532nm. The optical absorption was red shifted to a higher wavelength at 
562nm with an annealing temperature of up to 500°C. However at 600°C a substantial 
decrease of Au surface plasmon optical intensity was observed, and the SPR also 
broadened. The Au surface plasmon then disappeared for the sample annealed at 700°C. 
The red shift of the plasmon resonance peak with increasing temperature could be due to 
the increase of Au particles sizes. This behavior can be phenomenologically explained by 
the limitation of the mean free path of the conduction electrons when the cluster radius 
becomes smaller.10 Furthermore, the red shift of Au SPR could be related to an 
environmental effect due to the crystallization of surrounded BaTiO3 dielectric matrix.11 
The broadening of SPR at high temperatures is well understood in terms of Au particle 
sizes.12, 13 The broadening of SPR could also due to increase of Au particle sizes as the 
wavelength of the interacting light becomes comparable to the dimension of the 
nanoparticles. This leads to an inhomogeneous polarization of the Au nanoparticles by 
the electromagnetic field. In addition, the broadening of SPR could be related to the size 
distribution of the Au particle as well.11, 14 With the rising of the annealing temperature, 
the difference between the Au particles will became larger, so it is easy to understand 
why the SPR broadens at high annealing temperature. However, the substantial decreases 
and disappearances of Au plasmon absorption, at 600˚C and 700˚C respectively, require 
further investigation.    
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Figure 4.6 : Surface plasmon absorption of 10% Au-BT films prepared by using 
2-methoxyehtanol as a chelating agent at different temperatures. 
 
Figure 4.6 shows the similar optical shift of Au plasmon absorption for films deposited 
using 2-methoxyethanol as a chelating agent. No plasmon absorption for as-deposited 
films was observed. However, the SPR occurred with a red shift with increasing 
annealing temperature, and the Au plasmon resonance persisted at high temperatures, 
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The disappearances of SPR for Au-BT films prepared using acetylacetone as 
chelating agents could be due to the following possibilities: 
1. Au particles might have grown on the substrate surface and formed continuous 
films. The formation of Au-BaTiO3 composite films behaved as bulk Au optical 
properties.  
2. Au particles in BT films became agglomerated in BaTiO3 matrix as a result of the 
thermal diffusion at a high temperature. The interaction of SPR of each Au 
particles (broad sizes distribution) with BT matrix will display the collective 
plasmon resonance as described in chapter 1. 
3. Smearing of Au SPR could also be due to the tendency of BaTiO3 crystallite to 
nucleate on Au particles surface. This issue is addressed below.  
4. The disappearance of Au SPR could also due to the larger size Au particles. The 
Au particles formed in the as-deposited films tend to agglomerate, and grow faster 
in relatively soft matrix at room temperature. 
 
As for the smearing effect on both the Au-BT films, it was shown by the HRTEM 
results that at high temperatures, the BT matrix crystallization could affect the SPR of 
Au.  Figure 4.7 shows the Au SPR observed from samples which were deliberately taken 
from the same lot and annealed at 600 and 650°C respectively. It was clear that the SPR 
was broadened for the sample annealed at 650°C compared to that at 600°C. By carefully 
investigating the films, using HRTEM (Fig. 4.8 and 4.9), it was found that the film matrix 
started to crystallize at 650°C. The sample annealed at 600°C showed spherical Au 
particles embedded in an amorphous matrix. The lattice fringes (calculated by Fast 
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Fourier Transform, FFT) measured from sample annealed at 600°C were 2.332 Å (Au 
metal JCPDS lattice spacing with (111) reflection were 2.355 Å). At 650°C, there was 
smearing of Au surface by BT crystallization (Fig. 4.9), which could have resulted in the 
observed broadening of the Au SPR. As indicated, the BT lattice fringes were 2.880 Å 
(JCPDS lattice spacing for BT (110) reflection were 2.850Å) while the Au lattice fringes 
were 2.330 Å respectively, as calculated by FFT technique. The Au nanoparticles surface 
appeared disrupted and diffused, perhaps due to the occurrence of alloying with the 
matrix. 
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Figure 4.7 : Surface plasmon absorption of 10% Au-BT films annealed at 600 and 
650°C respectively. 
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Another interesting observation was that there was no BT crystallized from its 
own amorphous matrix. Rather the BT preferred to crystallize at the surface of 
surrounding Au particles. It is presently unclear if the Au acted as a heterogeneous 
nucleation site or local heating to BT matrix crystallization. Furthermore, the AuTi3 
phase was not found in the HRTEM study. Note that the TEM sample preparation did not 
involve the destructive ion milling technique. Sodium chloride was used as a substrate 
instead of glass or sapphire. Annealed films were mounted on the copper grid and this 
was followed by dissolving the substrate in water. The TEM samples were then dried in 
the desiccators with a drying agent (silica gel). Therefore, the results discussed here are 
representative of the microstructures in the sample rather than the related artifacts due to 
TEM sample preparation.  
     
Au 
 
Figure 4.8 : HRTEM of Au-BT film annealed at 6000C 
 
 









Figure 4.9 : HRTEM of Au-BT film annealed at 6500C 
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Figure 4.10 : Surface plasmon absorption of random and textured Au of 10% Au-
BT films deposited on amorphous substrate. 
 
Acetylacetone as a chelating agent has the capability to form Au in an embedded 
BT at room temperature. Through detailed investigations using this chelating agent, it 
was observed that two types of Au structures existed in the as-deposited BT films. This 
would seem to suggest that the processing conditions in sol-gel processing were very 
sensitive, and affected the microstructure of the films and the optical properties (SPR). 
One of the Au structures similar to that observed by using in-situ X-ray scattering, 
involved a high texture in the (111) direction. The mosaic of the Au peak of the colorless 
textured films was about 1.5°. Another type of Au structures did not show any diffraction 
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peak in a specular scattering (hereafter denoted as random sample), and the film was pink 
in color. There was no detection of any in plane, or out-of-plane peak and this was 
probably due to the Au particles being too small in size, or too little in concentration, or 
perhaps amorphous. The Au particle size estimated from Au (111) broadening of textured 
Au-BT sample was 17nm at 600˚C. The textured Au-BT films and the random Au-BT 
films were further studied. Both glass and sapphire substrates were used.  
 
It was found that the formation of textured Au was possible on both glass and 
sapphire substrates. However, the processing conditions were very critical: textured Au 
was obtained in one batch of Au precursor solution, but not so in another batch of 
solution.  
 
Figure 4.10 shows the surface plasmon absorption of random and textured Au of 
10% Au-BT films deposited on amorphous substrate. Only the random Au films showed 
the SPR. The question of why textured Au did not possess the SPR characteristic of Au 
nanoparticles was raised. The effects from the composition of the textured peak and the 
size of Au were investigated. The chemical nature of the textured peak observed by XRD 
will be discussed in chapter 5. If the Au particle size was too large, they may not exhibit 
SPR (refer to Fig 1.2 in chapter 1). The aggregation of Au nanoparticles may also 
produce a collective effect that will strongly dampen the SPR of the film.15 
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Figure 4.11 : Surface plasmon absorption of random Au of 10% Au-BT film on a 
sapphire substrate annealed at different temperatures. 
 
Figures 4.11 and 4.12 show the surface plasmon absorption for 10% Au-BT films 
deposited on sapphire substrates. There was no SPR for Au textured films, whereas SPR 
was observed in random Au films. For those random Au deposited on both the glass and 
sapphire substrates, the Au optical absorption was red shifted with the annealing 
temperature. The spectra of textured Au show a similarity with the aggregate system as 
reported in the literature.15 More work is needed to understand the microstructure of these 
films and their correlations with the optical properties.    
      
Au Solution Chemistry and Optical Properties 
------------------------------------------------------------------------------------------------------------ 
 70
        
















Figure 4.12 : Surface plasmon absorption of textured Au of 10% Au-BT film on a 
sapphire substrate annealed at different temperatures. 
 
 The formation of textured Au could be related to the aging of Au solution. The Au 
solution was prepared by dissolving Au chloride salt in the acetic acid solvent. The Au 
ions should exist in the solution as Au3+ (AuCl4¯) and Au1+ (AuCl2¯) respectively. The Au 
salt should consist of only AuCl4¯, but not AuCl2¯ in precursor form. However, due to the 
instability of AuCl4¯, the AuCl2¯ also exists in the solution particularly after the solution 
has aged for some period of time.16 However, the Au solution aging durations were not 
constant. It could be from 1 to 3 weeks, yet sometimes the as-prepared Au-BT solution 
also resulted in a textured Au. The use of an unaged Au solution will generally result in 
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the formation of random samples. It was also found that only either textured or random 
samples would form from the same solution. In addition, irrespective of a glass or 
sapphire substrate, the same solution would result in films of the same structure, i.e., 
either random or textured.   
 
 If the solution contains mostly or only AuCl2¯ species, the reduction of Au 
chloride to Au0 will be much easier with the use of the acetylacetone (a mild reducing 
agent) as compared to the AuCl4¯ with 3+ valences state. The coating solution consisted of 
colloidal Au dispersed in a BT solution precursor. During the spin coating process, the 
evaporation takes place in a surface normal direction.17 Under these circumstances, the 
surface of the films also undergo the cooling effect caused by the evaporation process. 
This process could facilitate the formation of textured Au in the BaTiO3 matrix.  
  
 The results were replicated at a 70% reproducibility rate. Ten experiments were 
conducted at different times, and there was control over Au solution aging and the 
freshness of BT solution. Clearly more work is needed to understand the correlation of 
the chemistry of solution aging, microstructure and texture development. This aspect of 










1. The effect of a chelating agent on Au reduction in solution has been identified. By 
using Au SPR characteristics, the contribution of acetylacetone to Au reduction 
was ascertained.  
 
2. This finding has led to the preparation of Au nanoparticles embedded in 
amorphous BT precursor matrix at room temperature.  
 
3. In addition, by controlling the Au solution aging, Au with different structural 
properties could be produced. It might be due to the complexity of Au reduction 
reaction mechanism in the system. The textured and random Au particles were 
observed in as-deposited films.  
 
4. The textured Au did not show the Au SPR characteristics for nanoparticles on 
both as-deposited and annealed samples. It was assumed that the Au particles 
have been agglomerated, and this has resulted in the collective effect of the 
individual SPR having Au particles with broad size distribution.  
 
5. The random Au shows the SPR, and was red shifted with high annealing 
temperatures.   
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Chapter 5  
Formation of Textured Au Nanoparticles 
 
5.0 Introduction 
  In this chapter the formation of textured Au nanoparticles in amorphous BT 
precursor matrix will be described. First, the use of anomalous X-ray scattering (AXS) to 
obtain information on elements associated with the textured Au (111) diffraction peak is 
discussed. This is followed by a section on the possible mechanism for the formation of 
textured Au nanoparticles in amorphous BT precursor matrix at room temperature.  
   
5.1 Anomalous X-ray Scattering (AXS)1, 2, 3, 4 
Anomalous X-ray scattering (AXS) measures the diffraction peak intensity of 
elastically scattered X-rays as a function of the photon energy. The X-ray scattering 
intensity is proportional to the square of the scattering amplitude, which is the probable 
amplitude that an incident photon from the source will evolve, via its interaction with the 
materials, to the photon that is registered at the detector. A cusp will appear at the 
absorption edge of a particular element if it is associated with the Bragg peak. The 
decrease in Bragg intensity at absorption edge contributes to the formation of the cusp.    
 
5.2 Experimental procedure  
The 10-layers deposited 10% Au-BaTiO3 (Au-BT) films (as-deposited and 
annealed at 600°C) on amorphous glass were used for this study. These samples were 
prepared using acetylacetone as a chelating agent. First, XRD analysis was performed 
Formation of Textured Au Nanoparticles  
------------------------------------------------------------------------------------------------------------ 
 75
with in house x-ray diffractometer, D8 DISCOVER. The coherent length in out-of-plane 
direction was at least about 50nm, estimated from the full width half maximum of the 
Bragg peak. A strong texture of Au in (111) direction was observed in both samples. The 
mosaic around the texture axis was about 1.48° for both samples. The observed Au (111) 
and (222) reflections confirmed the Au texturing in the films. Experiments were also 
carried out at the beamline PNC-CAT sector, Advanced Photon Source (APS), Argonne 
National Laboratory, USA.  
 
At APS, two different kinds of experiments were performed: (1) The conventional 
X-ray powder diffraction at different energies and (2) The anomalous X-ray scattering 
(AXS) scans (i.e., intensity measurement at a constant q, corresponding to the peak 
position, as a function of energy). In the case of AXS experiments, the Bragg peak 
tracking versus energy was performed using a linear regression for sin θ (1/E) obtained 
by a diffraction pre-experiment to find peak positions ranging from 11850eV to 11950eV 
(i.e., around the Au edge which lies at 11918eV). 
 
5.3 Results and discussion 
Figure 5.1 shows the X-ray powder diffraction profiles of as-deposited 10% Au-
BT sample on glass substrate with in house Cu x-ray source. The result only shows the 
first and second order of Au (111) Bragg peaks. The rocking curves (inset) of Au (111) 
peak shows a FWHM of 1.48 °, indicating that Au particles were quite well textured.  
The lattice parameter of deposited Au particles was 4.077 Å, which was very close to that 
of bulk Au (4.078Å).  As expected, the pre-ceramic matrix was amorphous.  Note that the 
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texture of Au particles was preserved in as-deposited thicker films formed by repeated 
spin casting, as well as in crystalline barium titanate (BaTiO3) films prepared by 
annealing as-deposited films at 600 º C for 1h.   
  













































Figure 5.1 : The X-ray powder diffraction profiles of Au (111), (222), and the 
rocking curves of Au (111) of as-deposited 10% Au-BT films on glass substrate 
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Figure 5.2 : The X-ray powder diffraction profile of Au (111) of as-deposited 
10% Au-BT sample on glass substrate with 11.40 keV (λ = 1.088Å) of energy. 
 
 
Figure 5.2 shows the X-ray powder diffraction profile of Au (111) of as-deposited 10% 
Au-BT sample on glass substrate. The experiment was performed in Advanced Photon 
Source with an energy of 11.40 keV (λ = 1.088Å). The FWHM of Au (111) Bragg peak, 
and 2θ position were 0.06° and 26.72° respectively. Figure 5.3 shows the AXS results of 
Au (111) Bragg peak of as-deposited 10% Au-BT film at q = 2.88Å-1. The cusp was 
observed at the Au L3-edge. At each of energy levels measured, the diffractometer was 
adjusted to keep the momentum transfer fixed. In order to obtain reliable results, it was 
essential to accurately track the Bragg peak versus energy. The cusp was produced by the 
interference between the real part of the anomalous amplitude and the Thompson 
amplitude. The deepest part of the cusp occurred at the Au absorption edge, E0 = 11.918 
keV. The AXS results clearly show that Au was present in the highly textured (111) 
Bragg peak. 





















Figure 5.3 : The AXS results of Au (111) Bragg peak of as-deposited 10% Au-BT 
film on glass substrate at q = 2.88Å-1 near Au L3-edge (11.918keV).  
 
            


















Figure 5.4 : The AXS results of Au (111) Bragg peak of as-deposited 10% Au-BT 
films on glass substrate at q = 2.75Å-1 near Ti L3-edge (4.965 keV). 
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The X-ray energy was then moved to the Ba L3-edge, and Ti K-edge at 5.247 keV and 
4.965 keV respectively. No cusp at the absorption edges of Ba and Ti was detected 
(Fig.5.4 and Fig.5.5), indicating that the textured (111) Bragg peak was purely Au in this 
as-deposited film. 
  
















Figure 5.5 : The AXS results of Au (111) Bragg peak of as-deposited 10% Au-BT 
films on glass substrate at q = 2.735Å-1 near Ba L3-edge (5.247keV). 
 
Figure 5.6 shows the X-ray powder diffraction profile of Au (111) of 10% Au-BT films 
on glass substrate annealed at 600°C. The experiment was performed with an energy of 
11.00 keV (λ = 1.088Å). The FWHM of Au (111) Bragg peak, and 2θ position were 
0.13° and 27.66° respectively. The Au texture was maintained at a high temperature of 
600°C.  






















Figure 5.6 : The X-ray powder diffraction profile of Au (111) of annealed 10% 
Au-BT films at 600°C with an energy of 11 keV (λ=1.088 Å). 
. 
 
Figure 5.7 shows the rocking curves of Au (111) Bragg peak with an energy of 
11.00 keV (λ = 1.088Å). The mosaic of (111) Bragg peak was 1.055° and at theta 
position of 13.73° respectively. Similarly, the X-ray powder diffraction profile and 
rocking curves of (222) Bragg peak was also measured. The results for X-ray powder 
diffraction profile were 54.54° at 2θ peak position and 0.156° in full width half 
maximum. The mosaic of (222) Bragg peak was 1.016° at θ of 27.17° peak position. 
Figure 5.8 and 5.9 shows the X-ray powder diffraction profiles and rocking curves of Au 
(222) of annealed 10% Au-BT film respectively. The powder diffraction profile and 
FWHM of both (111) and (222) reflections of as-deposited and 600˚C films are 
summarized in Table 5.1.  
 






















Figure 5.7 : The rocking curves of Au (111) of annealed 10% Au-BT films at 
























Figure 5.8 : The X-ray powder diffraction profile of Au (222) of annealed 10% 
Au-BT films at 600°C with an energy of 11 keV (λ=1.088 Å). 
























Figure 5.9 : The rocking curves of Au (222) of annealed 10% Au-BT films at 
600°C with an energy of 11 keV (λ=1.088 Å). 
 
 
 Powder scan  Rocking curves 
 2θ (°) FWHM (°)  θ (°) FWHM (°) 
Au (111) 27.666 0.13005 13.726 1.0549 
Au (222) 54.424 0.15573 27.171 1.0160 
  
Table 5.1 : Au (111) and (222) diffraction peak positions, and FWHM of X-ray 
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Figure 5.10 shows the AXS for Au (111) for the sample annealed at 600°C. Au was 
present in the (111) Bragg peak as indicated by the cusp in the AXS. The experiments 
were shifted to Ti K and Ba L3 energy edge (Fig. 5.11 and 5.12). Ba and Ti were not 
found in the Bragg peak as shown by the lack of absorption cusp in the respective AXS 
results.  
















Figure 5.10 : The AXS results of Au (111) Bragg peak of annealed 10% Au-BT 
film (600˚C) at q = 2.88Å-1 near Au L3-edge (11.918keV). 
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Figure 5.11 : The AXS results of Au (111) Bragg peak of annealed 10% Au-BT 
film (600˚C) at q = 2.75 Å-1 near Ti L3-edge (4.965keV). 
 
                      






















Figure 5.12 : The AXS results of Au (111) Bragg peak of annealed 10% Au-BT 
film (600˚C) at q = 2.735Å-1 near Ba L3-edge (5.247 keV). 
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It is clear that the (111) Bragg peak was only related to Au. However, the 
mechanism for Au (111) formation at room temperature on glass and sapphire substrates 
are not clear. As discussed in the previous chapter, it was assumed that the formation of 
textured Au was related to the solvent evaporation during the spin coating process. The 
essential conditions for the formation of Au (111) were the pre-formation of Au 
nanoparticles in the BT solution precursor prior to spin casting. It was found that in 
control experiments where there was only spin casting of the Au precursor solution 
without the reducing agent of acetylacetone the similar results did not occur, i.e. the Au 
remained in its precursor form.    
 
 The AXS experiments at the Au (111) reflection may not be sufficient to gain 
information of Au alloying with Ti or Ba. As was pointed out in chapter 3, and according 
to phase diagram,5 the AuTi3 inter-metallic alloy could form at intermediate temperature 
with Q value different from Au (111). In such a case, not all the Au would be associated 
with the long-range order of Au (111). However, there was no AuTi3 phase in the X-ray 







   




1. In chapter 3, the existence of AuTi3 phases at about 400°C prior to BT 
crystallization temperature was reported, regardless of Au concentration. Au-Ti or 
Au-Ba phase diagrams in the literature show the possibility of intermixing 
between Au and Ti or Ba. 
 
2. In the AXS results, there was no mixing of Au-Ti or Au-Ba in the Au (111) peak. 
By tuning the photon energy across the Au binding energy of Au L3-edge 
(11.918eV), it was observed that the Au absorption cusp. However, there was no 
absorption cusp at Ti K-edge (4.965eV), and Ba L3-edge (5.247eV) respectively. 
According to JCPDS, all the AuTi3 reflections are located at momentum transfer, 
q, different from Au (111). No AuTi3 phases were observed during these X-ray 
experiments.  
 
3. In summary, it is clear that the mixing of elements did not take place at Au (111) 
reflection. However, it was not clear if Au participated in mixing in other 
reflections, which were either too weak to be observed in the X-ray powder 
diffraction or they were actually absent. 
 
4. The formation mechanisms of textured Au remain unclear and need further 
investigations. It is speculated that the evaporation process might contribute to the 
formation of (111) planes with a direction perpendicular to the film surface.   
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Chapter 6  
Conclusion 
 
 The reduction of BaTiO3 (BT) films crystallization temperature by Au particles 
has been confirmed (ref 5, chapter 1). The development of structure was further 
explored through real time synchrotron X-ray scattering experiments. The results 
show that the reduction of BT crystallization was due to Au particles. It was found 
that Au concentration did not influence the BT crystallization temperature. The 
crystallization temperature of the Au-BT films was lowered by 100°C compared to 
that of pure BT at 600°C. There was no strain-induced BT crystallization by Au 
particles. The local heating effects due to Au particles were unclear in terms of 
promoting the BT crystallization. Certain samples showed the existence of an AuTi3 
phase prior to BT films crystallization. The inter-metallic phases disappeared at BT 
crystallization temperature. It was suggested that the reduction of BT films 
crystallization temperature by Au addition was due to the presence of AuTi3, which 
acted as a heterogeneous nucleation site for BT nucleation. 
 
 The formation of Au at room temperature was observed in Au-BT films prepared 
by sol-gel processing. The reduction of the Au precursor took place in the solution 
state, prior to a spin casting process. The Au reduction was confirmed by the 
observation of Au SPR in the as-deposited Au-BT films. The capability of forming 
Au particles in the BT precursor was due to the use of the chelating agent, 




acetylacetone with 2-methoxyethanol as a chelating agent. The linear optical study 
shows the existence of Au SPR for these films. Optical shift of SPR to the lower 
energy region was observed in films with an increased annealing temperature. The 
disappearance of Au SPR at high temperatures was attributed to the interfacial mixing 
effect at the Au particles surface caused by the BT films crystallization.  
 
By carefully investigating the aging of Au solution, it was found that sol-gel 
processing was capable of forming textured Au embedded in the BT matrix. It was 
demonstrated that the formation of textured Au was spontaneous and difficult to 
control. The formation was observed in the as-deposited Au-BT films, coated on glass 
and sapphire substrates, using a spin casting technique. To date, there has not been 
any report on the formation of textured Au embedded in BT matrix by sol-gel 
processing in the literature.  
 
A detailed structural investigation of textured Au-BT was also performed in this 
study. The mosaic of as-deposited Au (111) Bragg peak was about 1.48° and was 
sustained at BT films crystallization temperature. The Au (111) Bragg peak was 
subjected to anomalous X-ray scattering (AXS) study, and the results show only Au 
was present in this (111) long-range order.  
 
 Finally, the study has shown that there was no possibility of clearly identifying 
the mechanism responsible for forming the textured Au in BaTiO3 matrix. It was 




during the film spin casting process. The formation of Au particles in the BT solution 
precursor prior to the coating process was perhaps one of the key factors of forming 
textured Au-BaTiO3 films. 
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Chapter 7  
 Future Work 
 
 In order to have a better understanding of the formation of textured Au-BaTiO3 
films and the interfacial contribution to the functional properties of materials, it is 
proposed that future investigations should study the following: 
  
1. Sol-gel processing parameters of Au-BaTiO3 need further detail investigations. 
Besides ensuring the purity of chemical precursors, the control of factors such as 
processing temperature and environment will give researchers a better 
understanding of the formation of textured Au in BaTiO3 matrix. Cooler and 
cleaner processing environments deserve further investigations.    
 
 
2. Future work in interfacial contributions to properties, particularly optical 
absorption, will involve the use of more sensitive EXAFS techniques operating at 
high energies and dedicated to dilute samples. 
 
 
3. The HRTEM is needed for better Au microstructure morphology in BaTiO3 
matrix, and its effect on the optical properties of textured and random samples. 
 
